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Abstract 
Aimed at investigating the effect of openings on the in-plane behaviour of masonry infills in 
reinforced concrete frames, a parametric study is presented based on model calibration via 
experimental tests. Two types of openings are investigated: central window openings and 
different combinations of door and window openings based on the typologies of southern 
European countries. First, a finite element model of the structure is made using the DIANA 
software program. Then, after calibration with experimental results, a parametric analysis is 
carried out to investigate the effect of the presence and location of the different types of 
openings on the in-plane behaviour of the infilled frame. Finally, different equations for 
predicting the initial stiffness and lateral strength of infilled frames with any types of openings 
were obtained. An α factor related to the geometry of the piers between openings is proposed 
to take into account the location of the openings in the developed equations. Subsequently, the 
masonry infill panel is replaced by a diagonal strut. An empirical equation is also proposed for 
the width of an equivalent strut to replace a masonry infill panel with openings in such a way 
that they possess the same initial stiffness. 
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1. Introduction 
Specific masonry characteristics, such as ease of construction and long term performance, have 
been responsible for its widespread use in building construction for many centuries. Nowadays, 
masonry is typically employed in most modern buildings in the form of partition walls in 
reinforced concrete frames. Although masonry infills are often not considered in building 
design, their contribution to the in-plane behaviour of the masonry-infilled reinforced concrete 
frames is significant. This contribution can have a positive or negative effect, where “positive” 
means that the presence of the masonry infill improves the capacity of the structure to resist 
lateral loads, such as earthquakes. In other words, the composite system (masonry-infilled RC 
frame) might resist an earthquake, whereas a weak frame would not. As shown in Figure 1, the 
negative influence of infills is related mainly to the formation of short columns or a soft storey, 
which can lead to global or local failure of the structure. The formation of a short column occurs 
when masonry infills leave a short portion of the column clear, leading to column shear 
collapse. Although a soft storey is typically observed when the distribution of the infill walls 
along the height of the structure is irregular, the mechanism can also appear even in cases of a 
uniform distribution when: a) the ground motion is strong compared to design demand; b) the 
global ductility of the bare frame and structural elements is low; c) the infill walls are relatively 
weak and brittle, as discussed in detail in [1]. Although the infill panels are considered non-
structural elements, their damage or collapse is not desirable, given the consequences in terms 
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of loss of human life and repair or reconstruction costs. In addition, such damage can limit 
occupancy immediately after an earthquake event. 
   
Figure 1 Negative effects of infill panels; soft storey mechanism [2] (left), short column mechanism [3](right) 
Several experimental studies have been carried out aimed at investigating the behaviour of 
masonry-infilled frames, both in reinforced concrete [4, 5] and in steel [6, 7] structures. The 
added walls significantly increase the initial stiffness and lateral strength of the bare frame, but 
also change its dynamic properties. In [8], a decrease in the natural period of 50% was found, 
resulting in a relevant change in the seismic demand of the structure. Another contribution of 
masonry infills is the provision of a higher energy dissipation capacity by increasing the 
damping ratio during earthquakes due to the cracking of the masonry walls [8]. A primary 
conclusion common to all previous studies is that the behaviour of the infilled frame is 
considerably influenced by the interaction between infill and surrounding frame. A further 
conclusion reached is that the lateral resistance of the infilled frame is not just equal to the sum 
of the lateral resistances of the infill and the surrounding frame, because the interaction between 
them alters their independent load resisting mechanisms [9]. 
A range of different studies have been conducted in order to identify the parameters potentially 
influencing the in-plane behaviour of infilled frames [10, 11]. These parameters can be 
classified into three different categories: a) infill geometry and mechanical properties, with a 
state-of-the-art report regarding the in-plane properties and capacities of infilled frames 
presented in [12]; b) the geometry and mechanical properties of the surrounding frame; c) the 
characteristics of the infill-frame interface. For example, specimens with strong infills seem to 
exhibit better performance than those with weak infills in terms of lateral strength, initial 
stiffness and energy dissipation capacity [11]. 
Previous studies have also concentrated on the influence of openings and their position on the 
in-plane behaviour of infilled frames [6, 7, 11, 13-15]. A detailed review of research undertaken 
regarding masonry-infilled frames with openings was conducted by Surendran et al. [16]. 
Kakaletsis [11] and Asteris et al. [17] both concluded that the behaviour of the infilled frames, 
even in the presence of an opening, can significantly improve the performance of RC frames. 
The effect of different opening positions on the in-plane behaviour of infilled frames was 
examined by Mallick and Garg [14], who subsequently made recommendations as to the best 
position of the openings. Dawe et al. [7] applied the load laterally in one direction, concluding 
that moving the position of the opening towards the loading side decreases the ultimate load. 
In another study, Kakaletsis [13] also concluded that moving the opening towards the centre of 
the span results in a further decrease in lateral strength, stiffness and ductility. Asteris [18] and 
Giannakas et al. [19] proposed stiffness reduction factors of infilled frames in relation to 
opening percentages up to 49%. In a study carried out by Mosalam et al. [6], four two-bay, 
one-storey specimens were tested, with the authors concluding that the presence of openings 
in the infills leads to a more ductile behaviour and reduces solid infill stiffness by about 40%, 
for a lateral load below the cracking load level. Tasnimi et al. [15] tested six large-scale, single-
storey and single-bay infilled frames, with central openings of different dimensions. It was 
concluded that the presence of openings causes a reduction in the stiffness and lateral strength 
of the solid infilled frame. The test results indicated that infilled frames with openings are not 
always more ductile than those with solid infill. 
Numerical analysis is usually employed as a complement to experimental work, contributing 
to a better understanding of infill and frame behaviour. As shown in Figure 2, infills can be 
modelled via the use of three different approaches: detailed micro models, simplified micro 
models and macro models [20]. The surrounding frame can be modelled using beam elements 
or continuum elements [21], while the interaction between infill and surrounding frame can be 
modelled based on interface elements [21]. In [22, 23], Asteris et al. undertook state-of-the-art 
mathematical micro and macro modelling of infilled frames, respectively. However, such 
analyses are complex and strut models are often used to represent the masonry infill in a simpler 
way. 
 
Figure 2 Different types of modelling for masonry structures: (a) part of a masonry wall; (b) detailed micro model; 
(c) simplified micro model; (d) macro model  [20] 
Three different types of strut model have been proposed to simulate the behaviour of infilled 
frames: single strut, double strut and triple strut [24, 25]. Experiments on masonry infill panels 
have also revealed that the equivalent strut must have a representative width in order to 
accurately represent the infill. Although a width of one-third of the diagonal length of the panel 
was initially proposed [26], alternative equations and charts were subsequently developed to 
calculate this width [27-38] (see [23, 39] for a review). In order to implement nonlinear 
dynamic or cyclic analysis, the force-displacement relationship of the diagonal strut must be 
taken into account by representing its hysteretic behaviour. A range of models has thus been 
proposed, taking into account the behaviour of the masonry infills in the equivalent diagonal 
strut [40-42]. Despite a number of researchers addressing the issue of openings in masonry 
infills, there are very few recommendations for practical use or which are normatively 
applicable. In the present paper, a new numerical model is first validated using recent 
experimental results. Subsequently, this model is employed for parametric analysis aimed at 
the development of formulas for lateral strength, stiffness and strut width, as a function of the 
size and location of openings.  
2. Brief Overview of the Experimental Campaign 
Calibration of the numerical model developed to analyse the in-plane cyclic behaviour of 
masonry infill walls was carried out based on the experimental results obtained by Paulo-
Pereira [4]. Three different masonry-infilled reinforced concrete frame specimens were tested 
under in-plane cyclic loading; details of the reinforced concrete frame are shown in Figure 3. 
The RC frames were designed according to EC8 [43] considering an average span often found 
in representative Portuguese RC buildings, with the masonry infills built using bricks with 
horizontal perforation and relatively low strength. Cyclic loading was applied in the plane of 
the panels in both positive and negative orientations by increasing the levels of the imposed 
horizontal displacement up to a pre-defined value of lateral drift. For each lateral drift, three 
cycles of loading and unloading were performed. This methodology of applying quasi-static 
load has been used by many researchers to simulate the response of structures to earthquake 
action [44]. Table 1 provides information regarding the materials and geometric configurations 
adopted for the masonry infill walls. Two single-leaf masonry infills were tested: one without 
rendering (Wall-Ref-01) and the other rendered with mortar (class M5) on both sides at 10 mm 
thickness (Wall-Ref-02). The third masonry wall (Wall-JAR) was reinforced at the bed joints 
every two courses with a prefabricated trussed reinforcement composed of two longitudinal 
bars connected by diagonal bars (Murfor RND 4/100 with 2ɸ4 longitudinal bars). The bricks, 
which are representative of the materials typically used for masonry infills in Portugal, were 
horizontally perforated. Test results for the specimens in terms of force-displacement diagrams 
are represented in Figure 4, and in terms of initial stiffness corresponding to 30% of maximum 
lateral force, lateral strength and failure mode in Table 2, where the average of the test results 
in the two directions is shown. Displacement in this case corresponds to the displacement 
measured at the centre of the top beam-column node in the opposite corner to that where the 
horizontal actuator was connected. Rendering, applied here to the interior and exterior surfaces, 
increases the initial stiffness and load carrying capacity of the infilled frame, while the use of 
bed joint reinforcement mostly reduces cracking of the infilled frame. 
 
Figure 3 Geometry and reinforcement scheme of the tested specimens (dimensions in m) [4] 
Table 1 Information regarding the components of each brick masonry-infill masonry wall 
Specimen Type of Panel Components Characteristics of materials 
Wall-Ref-01 Simple (without rendering) 
Brick 
Mortar 
With dimensions of 0.30x0.20x0.15 m 
Mortar M5, 10 mm thickness 
Wall-Ref-02 
Simple 
(with rendering on 
both sides) 
Brick 
Mortar 
Rendering 
With dimensions of 0.30x0.20x0.15 m 
Mortar M5, 10 mm thickness 
Mortar M5, 10 cm thickness on each side 
Wall-JAR Reinforced panel 
Brick 
Mortar 
Exterior rendering 
Interior rendering 
Reinforcement 
With dimensions of 0.30x0.20x0.15 m 
Mortar M5, 10 mm thickness 
Mortar M5, 10 mm thickness 
Projected gypsum 
BEKAERT- Murfor RND 4/100 with 2ɸ4 longitudinal bars 
 
Table 2 Initial stiffness and lateral strength of test specimens 
Test Specimen Average stiffness at 30% of maximum force (N/mm) 
Average maximum 
force (N) Failure mode 
Wall-Ref-01 111800 85400 Infill Crushing 
Wall-Ref-02 235600 181400 Infill Crushing 
Wall-JAR 128400 207100 Infill Crushing 
 
A brief scheme of the crack patterns developed in the test specimens is presented in Figure 5. 
It can be seen from this figure that the observed crack pattern is composed of cracks in the 
perimeter of the infill, likely due to the separation of the infill from its bounding frame and 
crushing of the infill in the vicinity of the horizontal load applied to the specimen. Crushing of 
the upper corners of the masonry infill walls occurs in all walls and can be considered the main 
feature of the failure mode (see Figure 6).  
 
Figure 4 Test specimen pushover diagrams 
                   
                          (a)                                                 (b)                                                    (c) 
Figure 5 Crack patterns of test specimens a) Wall-Ref-01 b) Wall-Ref-02 c) Wall-JAR 
 
Figure 6 Crushing of loaded corner in a test specimen 
3. Validation of the Numerical Model 
3.1. Finite element mesh and boundary conditions 
Numerical analysis of the in-plane behaviour of reinforced concrete frames with brick masonry 
infill walls was based on a finite element model built using the commercial software program 
DIANA [45]. For this purpose, a bi-dimensional model of the reinforced concrete frame with 
brick masonry infill tested during the experimental campaign was adopted, with the masonry 
infill and its surrounding frame represented by four-noded plane-stress elements. 
Reinforcement was also added to the concrete frame in the form of embedded bars, perfectly 
bonded. The connection between the masonry infill walls and the reinforced concrete frames 
was simulated through four-noded interface elements. The lower beam of the frame was fixed 
by preventing any translation in the x and y directions in the numerical analysis. This boundary 
condition is the same as that adopted during the testing campaign. A vertical load of 50 kN was 
placed at the top of each column, because it is expected that the vertical load is not transmitted 
by the top beam to the masonry infill as it is considered a non-structural element. If the top slab 
or beam were to deform due to creep or additional loading, some vertical loading would be 
transferred to the masonry infill; however, this scenario is beyond the scope of the present 
research. The intention of this paper was to validate the numerical model using the test results 
of Wall-Ref-01, with the validated model then employed to predict test results for Wall-Ref-
02 and Wall-JAR. 
3.2. Material models and mechanical properties 
The non-linear behaviour of the concrete and masonry was represented by a Total Strain Crack 
Model based on the fixed stress-strain law concept available in DIANA [45]. The model 
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describes the tensile and compressive behaviour of the material via one stress-strain 
relationship in the local coordinate system that is fixed upon crack initiation. Exponential and 
parabolic constitutive laws were used to describe the tensile and compressive behaviour of 
concrete and masonry infill, respectively, as shown in Figure 7. 
                     
Figure 7 Stress-strain relationship adopted for the Total Strain Crack model:  a) exponential softening curve describing 
tension and b) parabolic constitutive laws describing compression  
An interface cap model, plasticity based and proposed by Lourenço and Rots [46] was used for 
the interface elements describing the connection between the brick masonry infill wall and the 
enclosure RC frame. This interface material model is widely considered appropriate to simulate 
fracture, frictional slip, as well as crushing along the interface [46]. As shown in Figure 8, 
fracture of the interface is controlled by its tension mode, shear behaviour by Coulomb friction 
behaviour and crushing by the cap in compression mode.  
 
Figure 8 Two-dimensional interface yield function [47] 
One drawback regarding the use of this interface model is the lack of material properties, as no 
data were available regarding the behaviour of the interface between the masonry infill and the 
frame. Therefore, it was decided to define the material properties of the interface by fitting the 
numerical results to the experimental results obtained for Wall-Ref-01, both at the level of the 
monotonic envelope of the hysteresis loops and at the level of the failure mode; validation was 
then provided by the other wall tests. A summary of the mechanical properties adopted for the 
interfaces is presented in Table 3, including the elastic properties (normal stiffness Kn and shear 
stiffness Ks) and material parameters describing the tensile fracture behaviour (tensile strength, 
ft, and mode I fracture energy, GfI), the shear fracture process (cohesion, c, friction angle, φ, 
dilatancy angle, ψ, and mode II fracture energy, GfII) and the compression behaviour 
(compressive strength, fc, and compressive fracture energy, Gc) 
Table 3 Mechanical properties adopted for the interface elements 
Elastic Properties  Kn (N/mm3) Ks (N/mm3) 
9.3 5.4 
Nonlinear Properties 
Tension 
ft (N/mm2) GfI (N/mm) 
0.05 0.05 
Shear 
c (N/mm2) φ  ψ GfII (N/mm) 
0.07 0.5 0.0001 0.3 
Compression fc
 (N/mm2) Gc (N/mm) 
30 8 
The mechanical properties used for the masonry (Wall_Ref_01) and concrete, which are 
displayed in Table 4, were obtained based on a set of experimental tests carried out by Paulo-
Pereira [4] (compressive and flexural tests on brick masonry wallets). For Wall-Ref-02 and 
Wall-JAR, it was necessary to update the mechanical properties of the interface elements to 
take into account the rendering on both sides of the walls, as well as the reinforcement at the 
bed joints. It is evident that the presence of rendering and bed joint reinforcement will change 
the mechanical properties of the interface elements representing the connection between infill 
and surrounding frame.   
Table 4 Mechanical properties of the components for walls specimens [4] 
Mechanical Properties Concrete Wall-Ref-01 Wall-Ref-02 Wall-JAR 
Young’s Modulus (GPa) 31.5 1.67 3.83 4.43 
Poisson’s ratio 0.15 0.13 0.237 0.175 
Tensile Strength (MPa) 2.35 0.25 0.4 0.5 
Mode-I fracture Energy (N/mm) 0.10 0.02 0.03 0.03 
Compressive Strength (MPa) 31.5 1.00 1.26 1.97 
Compressive Fracture Energy (N/mm) 8.0 1.0 1.0 1.0 
Yield Stress of Concrete Reinforcements(MPa) - 500 500 500 
The mechanical properties of the interface elements of Wall-Ref-02 and Wall-JAR were 
calculated by modifying the mechanical properties of the interface considered in Wall-Ref-01. 
The updating of the mechanical properties of the masonry infill with rendering on both sides 
was carried out by considering the geometric association between the masonry infill with 
thickness tw and the new mortar layers with thickness tr, as shown in Figure 9. Thus, the 
equivalent value of the interface’s tensile strength in specimen Wall_Ref_02 is obtained 
through equation (1) as follows: 
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where tinf  is the equivalent tensile bond strength of the interface in new condition (with 
rendering), tif is the tensile bond strength of the interface without rendering, trf is the tensile 
bond strength of the rendering material, wt  is the thickness of the infill wall without rendering 
(15 cm), rt  is the thickness of the mortar rendering layers (1 cm) and allt is the entire thickness 
of the wall after rendering. The mechanical properties of the interface after adding the 
rendering, such as elastic properties (shear and normal stiffness), cohesion and Mode II fracture 
energy, were also calculated according to the same averaging procedure. A summary of the 
mechanical properties of the interfaces (updated after rendering) of specimens Wall-Ref-02 
and Wall-JAR is presented in Table 5. Friction and dilatancy angles were here considered 
roughly equal for the rendering walls.  
 
Figure 9 Thickness of the brick-infill masonry walls after rendering in contact with the concrete enclosure 
Table 5 Mechanical Properties of the interface after rendering 
Interface Mechanical Properties Wall-Ref-02 Wall-JAR 
Normal stiffness, Kn (N/mm3) 24.18 33.48 
Shear Stiffness, Ks (N/mm3) 14.04 19.44 
Tensile strength, ft (N/mm2) 0.13 0.18 
Mode I fracture energy,  GfI  (N/mm) 0.13 0.18 
Cohesion, c (N/mm2) 0.2 0.263 
Mode II fracture energy, GfII (N/mm) 0.9 1.1 
 
a) b) 
3.3 Analysis of numerical results 
A comparison of the force-displacement diagrams obtained during the experimental and 
numerical analysis of Wall-Ref-01 can be seen in Figure 10. From this figure it is apparent that 
there is a good agreement between the numeric monotonic curve and the monotonic 
experimental envelopes for both the positive and negative directions (for convenience the result 
of “test-” is shown in the positive direction), in terms of both lateral resistance and ultimate 
deformation. There is also a good agreement in terms of the pre-peak regime, where the linear 
stiffness and the pre-peak nonlinear regime are well described by the numerical model.  
According to the conducted numerical analysis, when in-plane lateral load is applied to the 
structure the infilled frame acts as a monolithic resisting system at low lateral load level. As 
the load increases, the infill tends to partially separate from the enclosure frame and stress 
concentration develops along a strut. This behaviour is schematically shown in Figure 11a. The 
upper left and bottom right corners of infill detach from the RC frame at lateral loads of 55KN 
and 65kN, respectively, in agreement with the test results.  
 
Figure 10 Pushover diagrams of the numerical model versus experimental results (Wall-Ref-01) 
It should also be noted that the failure mode of the numerical model is compatible with that 
recorded in the test results. As shown in Figure 11b, the deformed mesh observed in the 
numerical model of the infill panel at failure demonstrates the crushing of the infill at the 
extremities of the diagonal compression strut. This result matches the failure mode of the test 
results shown in Figure 6.  
 
          
Figure 11 a) Schematic distribution of minimum principal stresses in the numerical model (Wall-Ref-01); b) Deformed mesh 
of the infill panel at failure 
 
The static nonlinear analysis performed on walls Wall-Ref-02 and Wall-JAR in order to 
evaluate their in-plane cyclic behaviour is summarised in Figure 12, in which the numerical 
nonlinear monotonic and experimental monotonic envelopes of the force-displacement 
diagrams are compared. For convenience, the results obtained in both directions are represented 
in the positive direction only. It can be seen from this figure that the developed numerical 
model is able to predict the results of the experimental tests very satisfactorily, with the 
numerical results again confirming that the rendering of the infilled masonry walls results in a 
considerable increase in in-plane lateral resistance.  
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The results obtained regarding initial stiffness, calculated as the slope of the force-displacement 
diagram at 30% of the maximum lateral resistance, and lateral strength are displayed in Table 
6. Rendering increases the lateral strength of the wall by about 100%, while the placement of 
bed joint reinforcement along with the rendering of both sides increases this value to about 
130%. Both numerical models produce the same failure pattern as infill crushing, a finding 
again compatible with the experimental results.  
 
           
Figure 12 Comparison between the force-displacement diagrams obtained in the experimental program and the results of 
numerical analysis: a) Wall-Ref-02; b) Wall-JAR 
 
Table 6 Results of numerical analysis in terms of initial stiffness, lateral strength and failure mode 
Numerical Model Initial stiffness at 30% of maxP  (N/mm) Lateral Strength (N) Failure Mode 
Wall-Ref-02 201000 171500 Infill Crushing 
Wall-JAR 120000 197500 Infill Crushing 
It should be stressed that the numerical model is also able to characterise the effect of the 
addition of horizontal reinforcement at the bed joints on the lateral resistance. An increase of 
12% in lateral resistance was recorded in the case of specimen Wall-JAR in relation to Wall-
Ref-02. It can therefore be concluded that the proposed numerical model adequately replicates 
the experimental tests. 
4. Parametric Analysis 
The parametric analysis aimed to evaluate the mechanical behaviour of masonry infill walls 
with distinct types of openings under static loading. In more detail, the work presented in this 
section can be divided into three parts: (1) assessment of the influence of the percentage of 
central window openings on lateral stiffness and resistance; (2) evaluation of opening type and 
location on lateral stiffness and resistance, also including the development of a formula taking 
into account the width and height of piers in infills with typical openings; (3) assessment of the 
influence of the openings on the width of the compression strut that represents the masonry 
infill.  
4.1 Influence of central opening 
In the first phase, the influence of a central opening and variation in its area on the in-plane 
behaviour of the masonry-infilled RC frame was investigated by considering different openings 
in the numerical model. Variation in the area of the central opening was here defined by 
multiplying the original dimensions of the infill by a factor “a” (see Figure 13 and Table 7), 
with the model name defined as O(x%), where x is the ratio of opening area to total infill area. 
The boundary conditions were the same as those considered in the calibrated model. Static 
nonlinear analysis was performed by applying increasing lateral load at the upper beam.  
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Figure 13 Geometry of the central openings  
Table 7 Geometric characterisation of the openings 
Model Name a (constant) Length of Opening 
Height of 
Opening 
Length of 
Infill 
Height of 
Infill 
Percentage 
ratio of 
Opening Area 
to Infill Area 
Without opening 0 0 0 3500 1700 0% 
O(9%) 0.3 1050 510 3500 1700 9% 
O(12%) 0.35 1225 595 3500 1700 12% 
O(15%) 0.39 1365 663 3500 1700 15% 
O(20%) 0.45 1575 765 3500 1700 20% 
O(25%) 0.5 1750 850 3500 1700 25% 
O(30%) 0.55 1925 935 3500 1700 30% 
O(36%) 0.6 2100 1020 3500 1700 36% 
O(39%) 0.625 2190 1060 3500 1700 39% 
O(42%) 0.65 2275 1105 3500 1700 42% 
O(45%) 0.675 2360 1145 3500 1700 46% 
O(49%) 0.7 2450 1190 3500 1700 49% 
Bare Frame 1 3500 1700 0 0 100% 
Crack propagation in the specimen with a 30% central opening area is presented in Figure 14, 
with the lateral load applied from right to left. During the early stages of loading, cracks appear 
at the upper right and bottom left corners of the opening as a result of the stress concentration 
along the compression strut. By increasing the lateral load, the cracking path extends to the 
other corners of the opening and also appears in the bounding RC elements. This occurs in all 
numerical models with any opening percentage. As the lateral load increases, the cracking 
density increases considerably, resulting in the failure of the composite structure.  
 
 
    
Figure 14 Schematic representation of crack propagation in the numerical models caused by increasing lateral load 
The distribution of minimum principal stresses (compressive stresses) over the infilled frame 
shows that for low levels of loading, two diagonal struts form within the infill, passing through 
the upper left and lower right corners of the openings (Figure 15). This means that for low 
levels of loading, crack formation in the lower left and upper right corners is due to tensile 
stresses; then, by increasing the lateral load, further cracks form in the areas that the struts 
formed around the lower right and upper left corners of the opening, due to compressive 
stresses. 
Pushover force-displacement diagrams of the numerical models, displayed in Figure 16, were 
constructed in order to better understand the influence of opening area on in-plane behaviour. 
All numerical analyses were continued until a lateral drift of 2% had been reached in order to 
obtain the relevant parameters such as initial stiffness, lateral strength and the displacement 
corresponding to the lateral strength. By analysing the force-displacement diagrams, it is clear 
that the central opening percentage influences the lateral behaviour of the infilled frames, 
particularly lateral stiffness (calculated as the tangent stiffness at 30% of the lateral resistance), 
lateral strength and displacement at which the lateral strength is achieved. It can be observed 
in Figure 16 that the displacement corresponding to the peak lateral load increases as the 
opening area increases. This is related to the reduction of the contribution of the masonry infill 
to the lateral strength as the area of the central opening of the masonry infill increases. At the 
limit, when the percentage of the central opening is very high, the behaviour of the infilled 
frame approaches that of the bare frame. In any case, the ultimate resistance corresponding to 
the lateral drift of 2% converges to a constant value, which is associated to the resistance of the 
bare frame. 
It is also apparent that by increasing the area of the central opening, lateral strength and stiffness 
decrease. Furthermore, for small opening areas the decrease in lateral stiffness is higher than 
that of lateral strength, as illustrated in Figure 17.  
 
Figure 15 Schematic distribution of minimum principal stresses 
 
Figure 16 Pushover diagrams of the numerical models with increasing opening ratio 
0
20
40
60
80
100
0 5 10 15 20 25 30 35 40
Fo
rc
e 
(K
N)
Displacement (mm)
Without Opening
O(9%)
O(12%)
O(15%)
O(20%)
O(25%)
O(36%)
O(42%)
O(49%)
Only Frame
  
                                a)                                                                               b) 
Figure 17 Influence of opening area A on the mechanical properties of the RC masonry infill: a) variation in initial stiffness; 
b) variation in lateral strength  
The trend of variation in the initial stiffness of the infilled frames recorded in the present study 
is compared with those obtained by Asteris [18] and Giannakas et al. [19] in Figure 18. It can 
be observed from this figure that the results obtained here are similar to those of [19] until a 
ratio of 49% opening area to infill area is reached. 
Aiming to mathematically define the variation in the lateral resistance and stiffness with 
opening area, a simplified approach was considered in order to predict the initial stiffness of 
the masonry-infilled RC frame with central opening; see equation (2): 
 bare
n
barefillco KAKKK +−×−= ])1()[(  (2) 
 
 
Figure 18 Trend of variation in initial stiffness with increasing opening area % for different researchers 
where coK is the initial stiffness of the infilled frame with central opening, fillK  is the initial 
stiffness of the solid infilled frame, bareK  is the initial stiffness of the frame and A is the opening 
area to infill area ratio. A best fit provides a value for “n” equal to 3, with a coefficient of 
determination 2r of 0.988, see Figure 19a. Thus, equation (2) can be rewritten as:  
 
 
barebarefillco KAKKK +−×−= ])1()[(
3  (3)  
A simplified approach was also used to determine mathematical equations for the lateral 
strength of the masonry-infilled RC frames for any area of central opening, as shown in Figure 
19b. In this approach, the lateral strength is expressed as:  
 
 
bare
n
barefillco FAFFF +−××−= ]))1(1396.1()[(  
(4) 
where coF is the lateral strength of the RC infilled frame with central opening, fillF  is the lateral 
strength of the solid infilled frame and bareF  is the lateral strength of the reinforced concrete 
frame. The best fit is obtained for a value of n equal to 4.3 with r2 equal to 0.975, with equation 
(4) thus rewritten on this basis as:  
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Figure 19 Simplified and detailed approaches for: a) initial stiffness; b) lateral strength 
Although calibration of the numerical model was here based on the solid infill, the global 
results of the numerical model with opening are satisfactorily compatible with those obtained 
by other researchers [11, 13]. For instance, movement of the opening towards the centre of the 
span results in a further decrease in lateral strength and stiffness, as also found in [13].  
4.2 Influence of typical openings 
Although a central opening is representative of a number of geometric configurations of 
masonry infill walls, other types of opening are also found within masonry infills, typically 
associated with double windows and combinations of windows and doors. The most common 
openings used in southern European countries have been categorised in [48] and are here shown 
in Figure 20. As the position of openings is known to affect the lateral behaviour of masonry-
infilled RC frames [11, 18], a detailed study was carried out regarding the influence of the 
distinct types of opening typically observed in masonry infill walls in southern European 
countries.  
 
Figure 20 Typical openings in masonry infill walls in southern European Countries 
The distribution of the minimum principal stresses corresponding to the first steps of loading 
in the –x direction for the studied three opening typologies is presented in Figure 21. From this 
figure it is apparent that three diagonal struts develop both in the central pier between the 
openings and in the lateral piers between the openings and the RC frame. The inclination of 
these struts and the developing stresses depends on the height to length ratio of the piers. This 
stress distribution indicates that the diagonal struts provide the stiffness of the infilled frame 
and also withstand the lateral load that is applied to the structure, meaning that the cross section 
or the width of the piers in which the diagonal struts develop is of the utmost importance. By 
comparing the diagonal struts within the infills of walls O(2W)1, O(2D)1 and O(DW)1 (see 
Figure 21 for wall labels), it can be concluded that the stiffness and lateral strength of wall 
O(2W)1 are considerably larger than those of O(2D)1 and O(DW)1, likely due to the greater 
width of the three struts formed in wall O(2W)1. This finding forms the basis of the analytical 
work aimed at predicting the lateral stiffness and strength of masonry infills with openings, 
which is discussed later in this section. The initial cracks develop in the corners due to the 
tensile stresses; an increase in the lateral load subsequently results in the appearance of further 
cracks in the corners where the compressive struts were formed, due to the large compressive 
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stresses (see Figure 22). This crack propagation pattern occurs similarly in the models with 
typical openings. Taking into account the three studied opening typologies of masonry infill 
walls, it was decided to study the influence of different opening positions on the in-plane 
behaviour, as shown in Figure 23 to Figure 25. 
(a) (b) (c) 
Figure 21 Schematic distribution of minimum principle stresses in: (a) wall O(2W)1; (b) wall O(2D)1; (c) wall O(DW)1 
All walls were numerically simulated in DIANA using the material properties employed in the 
calibrated Wall-Ref-01 model and analysed via static nonlinear analysis. The results of this 
analysis in terms of initial stiffness and lateral strength are displayed in Table 8. For the cases 
in which the openings are not symmetrical within each typology, the minimum values of initial 
stiffness and lateral strength are adopted due to the cyclic nature of earthquakes. For instance, 
for walls O(2W)2 and O(2W)3, the wall with the lower values of initial stiffness and lateral 
strength, namely O(2W)3, was selected for investigation in Table 8. 
 
 
 
Figure 22 Crack propagation in wall O(2W)1 
a) b) c) d) e) 
     
Figure 23 Possible positions of window openings: a) O(2W)1, b) O(2W)2, c) O(2W)3, d) O(2W)4, e) O(2W)5 
 
a) b) c) d) e) 
     
Figure 24 Possible positions of door openings: a) O(2D)1, b) O(2D)2, c) O(2D)3, d) O(2D)4, e) O(2D)5 
 
a) b) c) d) e) f) 
      
Figure 25 Possible positions of door and window openings: a) O(DW)1, b) O(DW)2, c) O(DW)3, d) O(DW)4, e) 
O(DW)5, f) O(DW)6 
Considering the results displayed in Table 8, it can be easily concluded that for all opening 
configurations, moving the openings toward the boundaries increases the initial stiffness and 
lateral strength of the infilled frames. A similar trend was previously pointed out by Asteris 
[18] in masonry infill walls with variation in window geometry and location. In the present 
study, moving the two window openings to the nearest point to the enclosure frame (walls 
O(2W)1 and O(2W)4) results in an increase in the initial stiffness and lateral strength of about 
24% and 19%, respectively.   
In the case of walls with two similar door openings, the movement of these openings toward 
the frame boundary leads to a maximum increase in initial stiffness and lateral strength of 41% 
and 3%, respectively, with values of 30% and 7% observed in the case of one window and one 
door. Such opening movement is also more effective in terms of stiffness in walls with larger 
opening areas. In contrast, as shown in Figure 26, the opposite is true in terms of the increase 
in lateral strength caused by moving the openings toward boundaries in the walls, with higher 
values recorded in walls with lower opening areas. This means that in walls with a high opening 
percentage (greater than 50%), moving the openings towards the boundaries does not increase 
wall lateral strength. 
Table 8 Model initial stiffness  
  Initial Stiffness (N/mm) Lateral Strength (N) 
Wall  A 
Numerical 
Results 
(N/mm) 
Simplified 
approach 
(N/mm) 
Error 
(%) 
 
Numerical 
Results (N) 
Simplified 
approach (N) 
Error (%) 
 
O(2W)1 
0.20 
28490 35150 23.4 65100 75010 15.2 
O(2W)3 32260 35150 9.0 68510 75010 9.5 
O(2W)4 35410 35150 0.7 77710 75010 3.5 
O(2W)5 30240 35150 16.2 66050 75010 13.6 
O(2D)1 
0.54 
12250 11410 -6.9 54840 51640 -5.8 
O(2D)3 14440 11410 -21.0 57060 51640 -9.5 
O(2D)4 17250 11410 -33.8 56370 51640 -8.4 
O(2D)5 15970 11410 -28.5 55030 51640 -6.2 
O(DW)2 
0.37 
19900 20360 2.3 58240 58680 0.8 
O(DW)4 25870 20360 -21.3 62240 58680 -5.7 
O(DW)6 22770 20360 -10.6 59970 58680 -2.1 
   Average 15.8   7.3 
 
The simplified approach developed in the previous section for infills with central openings was 
used in Table 8 to determine the initial stiffness and lateral strength of infills with typical 
openings. As the data demonstrate, this approach is able to predict the initial stiffness of models 
with a central opening with an average error of 16% (maximum 34%). For wall lateral strength, 
average error and maximum error are both reasonable (typically below 10%). Although the 
simplified approach can be considered a good method with which to predict the initial stiffness 
of walls with central openings, it cannot consistently capture the behaviour of models with 
other typical opening types. For instance, the error produced when predicting the initial 
stiffness of wall O(2D)4 using the simplified approach was high (about 34%). 
Given the considerable error obtained for the initial stiffness, it was decided to develop an 
empirical equation to predict this parameter for the models with distinct types of opening at 
any position. To this end, the initial stiffness of the model with central openings is obtained via 
equation (3) and a correction based on a position factor, α, which takes into account the 
geometric relations of the individual infill piers: 
 
 α×= coKK  (6) 
The position factor, α, takes into consideration the relation of stiffness of the different piers 
and is defined by the following equation, via inverse fitting: 
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Here, ib is the width of the piers, ih is height of the openings and A is the total area of the 
openings (see Figure 27). Table 9 shows that this equation satisfactorily takes into account the 
changes in opening position (7% error on average, with a maximum error of 14%). 
 
a) 
 
b) 
 
Figure 26 Prediction of key parameters of the in-plane behaviour of walls with different opening configurations; a) initial 
stiffness and b) lateral strength 
         
 
Figure 27 Width and height of piers used for the calculation of equation (7) 
5. Equivalent Width of the Diagonal Strut for Infills with Openings 
In this section the infill with any typical opening is replaced by an equivalent diagonal strut of 
width “w” with the same initial stiffness. For this purpose, a new numerical model was 
constructed using four-noded plane stress elements for the RC frame and truss elements for the 
strut elements. As the initial stiffness was the parameter under evaluation, linear elastic analysis 
of the model was carried out. Different values for the width of the equivalent diagonal strut 
were considered in the linear regime in order to investigate how this parameter affects the 
lateral stiffness of the wall under in-plane loading. According to the results shown in Figure 28 
(where d is the diagonal length of the infill), it is apparent that by increasing the width of the 
diagonal strut, the initial stiffness of the infilled frame increases linearly, with an r2 of 0.9998. 
It can thus be concluded that the ratio of the width of the diagonal strut, w, to the diagonal 
length of the masonry infill wall, d, ratio (w/d), equals 0.32, which corresponds to the initial 
stiffness of the frame with solid masonry infill. This means that the solid masonry infill within 
the frame modelled in the present paper can be replaced by a diagonal strut of width, w, equal 
to 1.25 m. A range of different equations have similarly been proposed elsewhere to calculate 
the width of a diagonal strut replacing a solid infill panel without openings [26, 27, 31, 35]. 
Figure 29 compares the equivalent width of such a diagonal strut obtained here via numerical 
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analysis with values given by different equations found in the literature. From this figure it can 
be observed that the proposed equations generally provide lower values for the width of the 
equivalent strut than that found here in the numerical analysis, with the value calculated from 
FEMA 356 [49] being the most conservative. 
Table 9 Comparison of empirical equation and numerical results 
Wall A ib  
(m) 
ih  
(m) 
α×= coKK  
(N/mm) 
Numerical 
Results (N/mm) 
Error (%) 
100*
Numerical
NumericalK −  
O(2W)1 
0.2 
0.6 0.68 
32260 28490 13.2 0.6 0.68 
0.48 0.68 
O(2W)3 0.48 0.68 33580 32260 4.1 1.2 0.68 
O(2W)4 1.68 0.68 35710 35410 0.8 
O(2W)5 0.84 0.68 33140 30240 9.6 
0.84 0.68 
O(2D)1 
0.54 
0.3 1.4 
13960 12250 13.9 0.6 1.4 
0.3 1.4 
O(2D)3 0.3 1.4 14620 14440 1.2 0.9 1.4 
O(2D)4 1.2 1.4 15630 17250 -9.4 
O(2D)5 0.6 1.4 14300 15970 -10.5 
0.6 1.4 
O(DW)2 
0.37 
0.6 0.68 
21310 19900 7.1 0.54 0.68 
0.3 1.4 
O(DW)4 1.44 0.68 27490 25870 6.3 
O(DW)6 0.6 0.68 22740 22770 -0.1 0.84 0.68 
      Average 6.9 
 
Figure 28 Variation of initial stiffness with width of diagonal strut 
The value obtained via the updated Papia, Cavaleri and Fossetti equation [31] is closest to the 
numerical result obtained here. According to this equation, the equivalent width of the diagonal 
strut is given by: 
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where fillw  is the width of the strut for the solid infilled frame, l  is infill length, h  is the infill 
height, l′  is the frame length between the two column centre lines, h′  is the frame height 
between the two beam centre lines, t is the infill thickness, infE  and frE are the modulus of 
elasticity of infill and frame, respectively, colA  is the column cross-section, beamA  is the beam 
cross-section and ν  is the infill Poisson ratio. This formula is used in the following section to 
predict the equivalent width of the strut. Aimed at obtaining an updated expression of the width 
of the diagonal strut in order to simulate the presence of openings, the linear variation of initial 
stiffness with respect to diagonal strut width as shown in Figure 29 results in: 
 ( ) barebarefill
fill
KKK
w
wK +−=  (15) 
where w  corresponds to the width of the equivalent strut for an infilled frame with stiffness K  
and fillw  is the width of the equivalent strut for a solid infilled frame derived from equation (8). 
Replacing K in equation (15), and incorporating equation (6) and equation (3), produces: 
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Equation (16)  means that a system of infilled frames (with any opening percentage) can be 
replaced by a frame with an equivalent diagonal strut of width w and the same initial stiffness. 
6. Guidelines for Using the Equivalent Diagonal Strut Method in Practice 
The proposed equation for calculating the equivalent diagonal strut, i.e. equation (16), can be 
used for practical purposes in multi-storey structures. However, to do so it is also necessary to 
calculate fillK  and bareK  for each one-bay one-storey frame inside the structure. Obtaining fillw
from equation (8), which is related only to the geometry of the infilled frame, will lead to the 
calculation of fillK  for each one-bay one-storey frame, using the following equation proposed 
by Mainstone [50]:  
 )(cos2
22
inf θ
hl
twE
K fillfill
′+′
=  (17) 
where θ  is the angle of the diagonal to the horizontal (degrees). Bazan and Meli [51] proposed 
a dimensionless parameter, β, which evaluates the relative stiffness of the RC frame to the 
infilled panel, as given by: 
iAiG
cAcE=β  (18) 
where 𝐸𝐸𝑐𝑐 is the modulus of column elasticity, 𝐴𝐴𝑐𝑐 is the gross area of the column, 𝐺𝐺𝑖𝑖 is the shear 
modulus of the infill and 𝐴𝐴𝑖𝑖 is the area of the masonry panel in the horizontal plane. Once the 
stiffness of the solid infill and bare frame are calculated, i.e. fillK  and bareK , respectively, these 
parameters can be replaced in equation (16) for the calculation of the width of the equivalent 
diagonal strut for each one-bay one-storey frame inside the multi-storey structure. To calculate 
the lateral strength of the one-bay one-storey infilled frame with any type of opening 
configuration, it is also necessary to determine the strength of the infill, fillF , and of the bare 
frame, bareF , separately. 
 
Figure 29 Equivalent width of strut for different proposed equations 
The lateral resistance of the bare frame, bareF , can be calculated as: 
h
M
F pbare ′
=
4  (19) 
where pM is the plastic moment of the column cross-section [52]. The lateral strength of the 
infilled frame is calculated based on the equation proposed by Stafford Smith and Coull [53]: 
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where mf ′  is the compressive strength of masonry in the panel, 𝐸𝐸𝑐𝑐 and cI are the column 
modulus of elasticity and moment of inertia, respectively, t is the thickness of the infill and iE  
is the modulus of elasticity of the infill panel. Based on the results of equations (19) and (20), 
the lateral strength of the infilled panel with any type of opening configuration can be 
calculated via equation (5). The equivalent stress of the strut for infills with any type of opening 
in the numerical analysis is calculated as: 
θ
σ
costw
Fco
s =  (21) 
Aimed at validating the equations proposed herein with which to calculate the width of the 
diagonal strut describing the behaviour of a masonry-infilled RC frame with any opening 
configuration, three different numerical models were built, as shown in Figure 30, 
corresponding to different numbers of floors and a random distribution of openings in the 
infills. The same frames were also modelled considering the masonry infills replaced by 
diagonal struts whose width is calculated via equation (16). A comparison was made in terms 
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of initial stiffness and lateral strength between both models (Table 10). Analysis of the results 
reveals that the numerical model of the equivalent diagonal strut and adopting the proposed 
formulation, can satisfactorily predict the initial stiffness and lateral strength of multi-storey 
infilled frames with an error lower than 14%. It is considered that these results validate the 
ability of equation (16) in predicting the initial stiffness and lateral strength of multi-storey 
infilled frames with any distribution of openings in the infills. 
   
Figure 30 Numerical modelling of three multi-storey structures in DIANA 
Table 10 Comparison between the analytical results of finite element modelling and the equivalent diagonal strut model 
 Finite element modelling Equivalent diagonal strut model Error in 
Stiffness 
(%) 
Error in 
Strength 
(%) Model 
Initial 
Stiffness 
(KN/mm) 
Lateral 
Strength 
(KN) 
Initial 
Stiffness 
(KN/mm) 
Lateral 
Strength 
(KN) 
One-storey 119.5 170.4 107 177.9 10.5 -4.4 
Two-storey 54.5 177.1 47.8 201.8 12.3 -13.9 
Three-
storey 35.8 181.9 31.2 189.7 12.8 -4.3 
7. Conclusions 
In this work a numerical model of a one-bay and one-storey masonry-infilled reinforced 
concrete frame was modelled using the DIANA software program and calibrated based on the 
results obtained from experimental in-plane cyclic tests. Subsequently, an extensive parametric 
numerical analysis was carried out to investigate the influence of different opening types and 
configurations on the in-plane behaviour of the infilled frames. It should be noted that the 
results presented here relate only to strong RC frames with weak masonry infills, with the 
following conclusions reached: 
1. The presence of openings decreases the initial stiffness of the infilled frames. An 
increase of the opening area decreases the initial stiffness of the infilled frame, with the rate 
of this decrease being greater for a lower opening percentage and vice versa. 
2.  Increasing the opening area reduces the lateral strength of infilled frames, with the rate 
of this decrease being greater for smaller opening areas than for larger opening areas. 
3. Increasing the opening area in the infill results in the maximum lateral resistance of the 
infilled frame being obtained at larger displacements. 
4. Equations derived from parametric numerical simulation can satisfactorily predict the 
initial stiffness and lateral strength of the masonry-infilled reinforced concrete frames with 
central openings.  
5. For infilled frames with typical openings (window and door openings with different 
locations in the walls), an empirical formula was developed taking into account the position 
of the openings. This formula can satisfactorily predict the initial stiffness of the infilled 
frames. 
6. It was observed that an increase of the width of the diagonal strut increases the initial 
stiffness of the infilled frames linearly. It was concluded that infill panels with any type of 
opening can be replaced by an equivalent strut of width w , with a proposal made for the 
calculation of the width of the diagonal strut in the case of masonry infill with openings. 
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